Our understanding of plant growth in response to nitrogen (N) supply is mainly based on studies of mutants and transformants. This study explored the natural variability of Arabidopsis thaliana first to find out its global response to N availability and secondly to characterize the plasticity for growth and N metabolism among 23 genetically distant accessions under normal (N+), limited (N-), and starved (N0) N supplies. Plant growth was estimated by eight morphological traits characterizing shoot and root growth and 10 metabolic parameters that represented N and carbon metabolism. Most of the studied traits showed a large variation linked to genotype and nutrition. Furthermore, Arabidopsis growth was coordinated by master traits such as the shoot to root ratio of nitrate content in N+, root fresh matter and root amino acids in N-, and shoot fresh matter together with root thickness in N0. The 23 accessions could be gathered into four different groups, according to their growth in N+, N-, and N0. Phenotypic profiling characterized four different adaptative responses to N-and N0. Class 1 tolerated N limitation with the smallest decrease in shoot and root biomass compared with N+, while class 2 presented the highest resistance to N starvation by preferential increased root growth, huge starch accumulation, and high shoot nitrate content. In contrast, class 3 plants could tolerate neither N limitation nor N starvation. Small plants of class 4 were different, with shoot biomass barely affected in N-and root biomass unaffected in N0.
Introduction
Plants take up mineral nitrogen (N) directly from the soil in the form of nitrate and ammonium to build up their cellular metabolites, especially proteins. In agricultural soils mineral N is generally supplied as fertilizers in different forms such as ammonium and nitrate. While nitrogenous fertilizers have helped significantly to increase the yield of farm production in the last 50 years (Hirel et al., 2007) , the non-assimilated nitrate which is leached by drainage water from the soil is responsible for polluting the ground water (Bacon, 1995; Lawlor et al., 2001) . Moreover, nitrate that accumulates in harvestable vegetative organs is also considered to be a source of potential danger for human health. In the future, one of the main challenges is to enhance agriculture yields while sustaining the quality of the environment. Research efforts should thus be devoted to developing genotypes that use N more efficiently. It is therefore necessary to understand the genetic basis of N use at various growth stages of plant development. This will improve the capacity of plants for better growth and development even in environments with scarce N.
The first step in N nutrition involves nitrate or ammonium uptake through various N-related metabolite transporters (Loqué and von Wirén, 2004; Orsel et al., 2006) . The next step, termed N assimilation, is the reduction of nitrate to nitrite and then nitrite to ammonium, which is catalysed by the two enzymes nitrate reductase and nitrite reductase, respectively (Meyer and Stitt, 2001) . Nitrogen assimilation takes place in leaves or roots, and ammonium produced by this process and other processes, such as photorespiration, is then incorporated into organic molecules through the glutamine synthetase/glutamate synthase (GS/GOGAT) pathway (Weber and Flügge, 2002) .
When plants have to face N deficiency, which is often the case in the field during intervals between fertilizer applications, one of the main adaptive responses is the reprogramming of growth. For many species it leads to an increased growth of roots relative to aerial parts, thanks to carbon (C) assimilates which are mainly directed towards the underground parts of the plant (Smolders and Merckx, 1992) . As a result, the ratio of shoot to root biomass is modified (Lea and Azevedo, 2006) . In addition, it has been found that low N nutrition modifies enzyme activities and metabolite contents in plants ( Lemaitre et al., 2008) . Among N metabolites, nitrate disappears the most quickly, providing evidence that plants are able to mobilize N in order to maintain N metabolism at least for a short period of time (Desclos et al., 2009) . Similarly, nitrate reductase activity is decreased while glutamine synthetase activity is increased due to higher accumulation of the cytosolic isoform. In Arabidopsis plants grown under limiting N, rosette leaves show an accumulation of sugars while they have a deficit in free amino acids (Lemaitre et al., 2008) . Finally, N deficiency hastens senescence due to a high C/N ratio (Gombert et al., 2006; Wingler et al., 2006) . After a prolonged N starvation period, different physiological processes such as nucleic acid and enzyme breakdown occur (Crafts-Brandner et al., 1996 , 1998 Mae, 2004) . In particular, breakdown of Rubisco leads to a decrease in photosynthetic capacity of the plant and ultimately inhibits plant growth (Walker et al., 2001) .
Arabidopsis is a very suitable model for studying genetic variability of plant adaptation to nutrient deficiency, since Arabidopsis ecotypes have been found in a wide range of habitats differing notably in soil richness. Few studies have been reported that use this natural variation among accessions as an alternative way to search for genes having large effects on growth in relation to N availability. By using this natural variation in the ecologically and genetically distant ecotypes Bay-0 and Shahdara, a number of loci associated with N use efficiency, total mineral and organic N content, and biomass production under different levels and modes of N nutrition have been identified (Rauh et al., 2002; Loudet et al., 2003b) . Two other studies investigated natural variation (among Arabidopsis accessions) in adaptation to growth under low N nutrition (North et al., 2009 ) and nitrate starvation (Richard-Molard et al., 2008) . However, these studies used a limited number of accessions that were characterized for only a few selected traits. Hence it was not possible to decide whether these variations correspond to more or less pronounced responses among accessions, or revealed the occurrence of different adaptive strategies.
The aim of the present study was investigate the extent of variation of growth responses to nitrate limitation and starvation in Arabidopsis with the goal of identifying accessions showing contrasted responses and eventually different growth adaptive strategies. For this purpose, 23 Arabidopsis ecotypes were characterized for 18 traits (eight morphological traits and 10 metabolic traits) in normal, limited, and nitrogen-starved conditions. This study is different from previous reports in the sense that it provides a more generalized response of Arabidopsis to normal, low, and starved conditions. First, the behaviour of Arabidopsis was studied in 23 ecotypes originating in various areas of the world (McKhann et al., 2004) , while in previous studies only Col-0 or Ws accessions were used to investigate Arabidopsis behaviour. Secondly, comparison of N-limited and N-starved plants with control plants allowed the differentiation of the adaptative responses of plants by highlighting master traits controlling growth under each nutritional condition. Finally, by using this genetic diversity approach, it was possible to characterize four distinct patterns of adaptation that exist among Arabidopsis ecotypes allowing the plants to tolerate the imbalance in exogenous N supply.
Materials and methods

Selection of accessions
Arabidopsis thaliana accessions used in this study were obtained from the Versailles stock centre (http://dbsgap.versailles.inra.fr/ publiclines). Twenty-two accessions (Akita, Alc-0, Bay-0, Bl-1, Blh-1, Bur-0, Can-0, Ct-1, Cvi-0, Edi-0, Ge-0, Gre-0, Jea, Kn-0, Ler, Mh-1, Mt-0, N13, Oy-0, Pyl-1, Sakata, and Stw-0) are part of the core collection of 24 accessions selected by McKhann et al. (2004) on the basis of genetic variability. This core collection was used in this study because it maximizes allelic richness. Two accessions (St-0 and Tsu-0) did not germinate in the culture conditions used and so they were removed from the experiment. Col-0 which is the parental line of for most of the recombinant inbred line (RIL) populations available at the Versailles resource centre was included in this study. The 23 accessions used in the study have a similar flowering time in short days.
Growth conditions and experimental design
Seeds were surface sterilized by using ethanol-'bayrochlor' (95/5%, v/v) prior to stratification in water at 4°C for 3 d. Each seed was sown on the top of one cut Eppendorf tube filled with 0.7% agar. Tubes were inserted into 96-well small boxes filled with demineralized water. After 3 d at 4°C the boxes containing tubes were transferred to a growth chamber in short days with 21°C day and 17°C night temperatures. The photon flux density was 165 lmol m À2 s À1 . On the seventh day of growth, seedlings were transferred to six plastic tanks (two tanks per nutrition condition) each having the capacity to grow 104 plants. Each genotype was represented by eight plants per nutrition condition (four in each tank), giving 624 plants per experiment. These plastic tanks were filled with 33.0 l of nutrient solution. The plants were cultivated hydroponically for 35 d (the entire vegetative growth). A short photoperiod (8 h day) was chosen to prevent early flowering. Relative humidity in the growth chamber was 65%. Shoots and roots of each plant were separated at the time of harvest (10:00-13:00 h with a daylight period of 09:00-17:00 h). Roots were patted dry with a paper towel before weighing. After weighing, shoots and roots were frozen in liquid nitrogen. Samples were stored at -80°C to conserve biological material in its original state and were ground to a fine powder which was then lyophilized.
The shoot projected area (SPA) was estimated from images of plants taken at 35 d of growth with Image J software (http://rsbweb.nih.gov/ij). The shoot growth rate (SGR) was computed from rosette area measurements at 33-35 d of growth. The growth rate corresponds to the slope of the regression line between day 33 and day 35.
Metabolic analysis
Extractions for analysis of metabolites: An aliquot of lyophilized powder was weighed (5 mg) and extracted in a three-step ethanol-water procedure as described in Loudet et al. (2003a) . The first step consisted of a 25 min extraction at 80°C using 500 ll of 80% (v/v) ethanol, whereas the second step completed the extraction by using 500 ll of water at 80°C for 20 min. After each step, centrifugation at 20 000 g for 10 min was carried out and the two successive supernatants were combined together for further analyses of nitrate and amino acid contents. Pellets obtained after removing the supernatants were dried for one night at 40°C before starch extraction. Pellets were mixed with 50 mM MOPS (pH 7), and then amylase solution (15 U) was added. Samples were incubated at a temperature of 100°C for 6 min. Amyloglucosidase (35 U) dissolved in 0.2 M sodium acetate (pH 4.8) was then added to the samples. After agitation and incubation of the samples for 5 h at a temperature of 50°C, the samples were centrifuged for 10 min at 20 000 g. Supernatants were collected and conserved at -20°C before dosage.
Nitrate analysis: Extracts were evaporated and diluted in water before analysing them for nitrate contents. The method used was described by Miranda et al. (2001) . The reactant was prepared by dissolving vanadium III chloride (0.5 g), N-(1-naphthyl)ethylenediamine (0.01 g), and sulphanilamide (0.2 g) in HCl (0.5 M); 1 mM NaNO 3 was used as standard. After loading the plate with samples (100 ll) an equal volume of reactant was added to each well and the reaction was carried out at room temperature for 5-6 h. The absorbance at 540 nm was measured using a spectrophotometer (Labsystem iEMS Reader MF) and used to estimate the nitrate content in nmol mg À1 dry matter (DM).
Amino acid analysis:
The same extracts were subjected to an evaluation of free amino acid content using glutamine as a standard (Rosen, 1957) . Briefly, ninhydrin colour reagent was first made by dissolving 0.3 g of ninhydrin (SigmaAldrich) in 10 ml of methyl cellosolve (Sigma-Aldrich). Cyanide acetate reagent was then prepared by mixing Naacetate buffer (25 ml, 2.5 M, pH 5.2) with the KCN (10 mM) solution 2/100 (v/v) just prior to reaction. In a 96-well (2 ml) plate containing 200 ll of sample (diluted), 100 ll of ninhydrin colour reagent followed by 100 ll of cyanide acetate reagent were added. The plate was shaken and heated for 15 min at 100°C. After cooling, 1 ml of isopropanol (50% v/v) was added to the wells of the plate and mixed well. Absorbance was read at 570 nm on a spectrophotometer. This result was used to calculate the amino acid content in nmol mg À1 DM.
Starch content: The starch content was quantified from extracts following the protocol described in the Roche kit using glucose as a standard. The results were expressed in nmol mg À1 DM.
Total nitrogen: Total N was determined using lyophilized plant powder (5 mg) measured in tin capsules, which were sealed and analysed by the Dumas combustion method with an NA1500CN Fisons instrument (Thermoquest, Runcorn, Cheshire, UK) analyser.
Statistical analysis
Analysis of variance (ANOVA) of phenotypic data was carried out using the general linear models (GLM) procedure of SAS software (http://www.sas.com). Experiments were conducted twice, but due to the existence of experiment effect, the data were not combined from both experiments. Adjusted means for each accession were estimated with the least squares mean (LSMEANS) statement. Phenotypic correlations were calculated for all combinations of traits in each N environment by using XLSTAT software (http://www.xlstat.com). All significant trait pair correlations were visualized by using the software Cytoscape (http://www.cytoscape.org/). Hierarchical classification of accessions was carried out by using the XLSTAT software according to the Ward method. Differences between accessions were determined using XLSTAT ANOVA comparisons according to Fisher's test.
Results
Most of the studied traits show large variation linked to genotype3N nutrition interactions
Eight morphological traits that contribute to plant growth were investigated in order to characterize developmental variations among 23 accessions in response to different N supplies: normal (N+), N limited (N-), and N starved (N0).
To provide good assessments of vegetative plant growth at different N nutrition conditionss, leaf number (LN) was counted, shoot projected area (SPA) was estimated from images of plants taken at 35 d of growth, shoot growth rate (SGR) was computed from rosette area measurements at 33-35 d of growth, and shoot fresh matter (SFM) was weighed at harvesting. Variations of root growth were investigated by studying complementary traits, root fresh matter (RFM), primary root length (PRL) at harvesting, and the ratio of RFM to its respective PRL, termed root thickness (RT). In order to characterize N metabolism, shoot and root nitrate contents (SNO3 and RNO3, respectively), shoot and root amino acid contents (SAA and RAA, respectively), and shoot total nitrogen percentage (SN%) were measured. Starch contents in shoot and root (SStarch and RStarch) were measured to assess the plant C status.
Finally, ratios were calculated to estimate allocation between the shoot and root during growth. The shoot to root fresh matter ratio (S/RFM) gave information about biomass allocation, whereas the ratios of SAA to RAA (S/RAA), SNO3 to RNO3 (S/RNO3), and SStarch to RStarch (S/RStarch) provided information about differences in N and C partitioning.
For each studied trait, Fig. 1 presents the averaged values of each accession obtained in the two N stress conditions (N-and N0), plotted along the vertical axis, compared with those obtained in the control condition (N+) plotted along the horizontal axis. The distance of plot clouds from the bisector provides an idea of which traits were involved in the genetic response to the different N stresses (data for means are available in Supplementary Table S1 at JXB online). For example, LN, PRL, and SPA traits were only slightly affected by N environment, whereas a range of variation existed among accessions, indicating that these traits might not be very useful to describe plant responses to a fluctuating environment. In a similar manner, variations in S/RFM, SStarch, SNO3, and SN% were observed when the N environment changed, but accessions presented very few differences in the means in each condition. Here again, despite their variation depending on the N environment, characterization of variation in genetic response to N environment might be difficult using these traits. In contrast, 11 of the 18 traits studied (SFM, SGR, RFM, RT, SAA, RAA, RNO3, RStarch, S/RNO3, S/RAA, and S/RStarch) together showed a large variation linked to N nutrition and a large variation linked to genotype. These traits constituted a promising set to analyse variation of genetic response to N stress.
Genotype explains most of the variation in morphological traits while N nutrition has the largest effect on metabolic traits
In order to determine the proportion of variance explained by genetic and environmental effects, ANOVAs were performed for all studied traits under N+, N-, and N0. Since morphological traits have been observed in two successive experiments, variations due to the experiment were also analysed for these traits. Nutrition, accession (i.e. genotype), and experiment were considered as the main effects with potential interactions. ANOVA results revealed that for all investigated traits, variances due to genotype and nutrition factors were highly significant, except for PRL for which there was no significant nutrition effect (Fig. 2) . However, following computed sum of squares, the percentage variation explained by each factor was different depending upon the trait studied (Fig. 2) .
For morphological traits, such as LN, SPA, and PRL, the highest source of explained variation was genotype ( Fig.  2A ). Genetic variances were 67.9, 49.4, and 38.4% for LN, SPA, and PRL, respectively. On the other hand, variations for SGR, RT, and S/RFM were mainly due to N nutrition. The nutrition effect represented 46.7% of the explained variation for SGR, 46.2% for RT, and 59.1% for S/RFM. Interestingly, two traits, SFM and RFM, were equally controlled by genotype and N environment. A significant effect of genotype3nutrition interaction was also observed for all traits investigated, indicating that the effect of nitrate nutrition on plant growth is genotype dependent. This effect was highest for SGR (31.9%) followed by PRL (15%), SPA (8%), RFM (7%), LN (7%), RFM (6.5%), RT (6.4%), and S/RFM (2.5%). A significant effect of experiment was also reported for all traits, except for LN and RT. However, this effect was weak compared with genotype and nutrition effects. Despite randomization of plants, heterogeneities in the growth chamber may have some effects on recorded traits.
ANOVAs for metabolic traits were performed keeping nutrition and genotype (accession) as the main effects with the potential interaction genotype3nutrition (Fig. 2B) . Among metabolic traits, nutrition has significant effect on all metabolites, with a different percentage of explained variation depending upon trait (Fig. 2B) . Nutrition explained most of the variation for SN% (97.8%), for SNO3 (94.4%), for RNO3 (86.5%), for SAA (92.4%), for RAA (48.5%), for SStarch (66%), and for RStarch (54.1%). Genotype effect and interaction between nutrition and accession effect were significant for all traits, except SN%. ANOVA results indicate that metabolite traits can be considered as useful traits to dissect variation of response to N availability among genotypes.
Nitrogen status modifies the plant strategy for growth and N metabolism Arabidopsis followed different adaptive schemes to normal (N+), limited (N-), and starved (N0) environments. In order to characterize growth plasticity, the averages of all accession values for each of the three nutrition conditions were computed, providing the general response for different traits as shown in Fig. 3 .
In comparison with the N+ control environment, Arabidopsis growth in N-and N0 decreased for all the shootrelated traits. Among them, at N-and at N0, respectively, a reduction of 10% and 36% for SFM, 18% and 32% for Supplementary Table  S1 at JXB online).
SGR, 20% and 20% for SPA, and only 6% and 3% for LN was measured (Fig. 3) . These reductions suggest that plants sacrificed their shoot growth in N-as well as in N0.
In parallel, decreases in traits contributing to root development were observed in plants growing in N-. RFM was reduced by 41%, RT by 43%, and PRL by 10% compared with the control (Fig. 3) . In contrast, Arabidopsis responded to N starvation (N0) by increasing its root biomass. As compared with control plants, RFM, RT, and PRL were increased by 15, 20, and 1%, respectively (Fig. 3) . As a result, S/RFM was increased by 52% in N-and decreased by 47% in N0 as compared with the control value.
Most of the N-related metabolite contents were reduced at N-and N0 compared with N+. However, the decreases were much higher in N0 than in N-, as shown by SNO3 reduced by 16% in N-and by 93% in N0, RNO3 with a reduction of 48% in N-and 87% in N0, and SAA decreasing by 22% in N-and 63% in N0 (Fig. 3) . Nevertheless, RAA decreased by 17% in N-and increased by 32% in N0. SN% decreased by 46% in N0, whereas it remained unchanged in N-. As a result, S/RNO3 was increased by 64% in N-while it was reduced by 54% in N0. S/RAA decreased by 4% and 72% for N-and N0, respectively, as compared with N+.
N limitation and N starvation led to dramatic accumulation of starch in shoot (SStarch; respectively +45% in N-and +500% in N0, compared with N+) while RStarch increased by 52% in N-and increased by 12% in N0. As a result, S/RStarch was reduced by 7% in N-and increased by 158% in N0.
Patterns of correlation between traits are under the control of N status and define master traits related to plant growth
The data set comprising the averages of 23 accessions for each trait was used to compute Pearson's correlations at N+, N-, and N0 (see Supplementary Table S2 at JXB online). Trait pairs that were positively or negatively correlated with significance greater than P <0.05 were selected to map a network of associated traits (Fig. 4) . Traits were organized into two groups corresponding to morphological or metabolic traits. For derived traits, the The metabolic traits studied are: shoot total N percentage (SN%), shoot nitrate content (SNO3), root nitrate content (RNO3), shoot free amino acid content (SAA), root free amino acid content (RAA), shoot starch content (SStarch), root starch content (RStarch), shoot to root ratio of nitrate content (S/RNO3), shoot to root ratio of free amino acid content (S/RAA), and shoot to root ratio of starch content (S/RStarch). Histograms show the effects due to N treatment (Nut), accession (Acc), experiment (Exp; only for morphological traits), and interactions as percentages of the explained variation. ratio S/RFM was considered as a morphological trait, while S/RNO3, S/RStarch, and S/RAA were considered as metabolic traits. The correlation matrices described some general features in each condition.
First, there were more significant correlations in N+ than in N-and N0 (Fig. 4 ) From a total of 153 potential trait pairs, there were 35 correlations with 23 positives and 12 negatives in N+, 31 correlations with 20 positives and 11 negatives in N-, and only 27 correlations in N0, out of which 19 were positives and eight negatives. This decrease suggests that in N+ variation of plant growth is the result of strong coordination among different growth regulators, whereas when plants suffer from N stress they continue to grow by defining preferences for some specific traits that are not the same between N-limiting and N starvation conditions. Secondly, we noted that the global pattern of correlations varied with N environment. Hence, most of the traits within the same group (morphological-morphological and metabolic-metabolic) were correlated with each other in N+ while these links decreased in N-and in N0 (Fig. 4) . In contrast, in N+, the percentage of morphological-metabolic trait correlations was only 17% of the total significant correlations, but it increased up to 39% and 33% in N-and N0, respectively, suggesting that when there was less N available, plant growth was more dependent on the efficiency of N metabolism.
Thirdly, in all conditions, SFM was strongly correlated with SPA (r 2 ¼0.89 in N+, r 2 ¼0.84 in N-, and r 2 ¼0.77 in N0), indicating that SPA provided a reasonable indirect estimate of plant size. In contrast, there was no significant correlation between LN and SFM in any of the N nutrition conditions. The most likely reason is that most of the variation for LN was constrained by a huge genotype effect, whereas SFM was affected by nutrition as well as by genetic variation (Fig. 2) .
Finally, in each nutrition condition, key traits that are more highly connected to others were noted since they might define master traits related to plant growth.
In the N+ condition, the ratio S/RNO3 was the most highly connected trait, suggesting that this trait played a fundamental role in variation of plant growth and might be considered as a master trait (Fig. 4A) . The ratio S/RNO3 was not directly correlated to morphological traits, except to S/RFM (r 2 ¼0.42). In contrast, it was correlated to all metabolic traits, except to SN%, RStarch, and SAA. It was positively correlated to S/RAA (r 2 ¼0.45), whereas it was negatively correlated to S/RStarch, SStarch, and RAA (r 2 ¼ -0.44, r 2 ¼ -0.37, and r 2 ¼ -0.42, respectively). Interestingly, the metabolic trait directly correlated to SFM is SAA (r 2 ¼0.35), emphasizing the importance of N assimilation for biomass production. It was also noted that SFM was highly and positively correlated to RT (r 2 ¼0.84) and RFM (r 2 ¼0.78), but negatively correlated to PRL (r 2 ¼ -0.38), revealing the importance of the contribution of the lateral roots to root development.
In the N-condition, RFM and RAA could be considered as two master traits controlling plant growth (Fig. 4B ). They were together positively correlated to some morphological traits, such as SFM (r 2 ¼0.61 and r 2 ¼0.36), RT (r 2 ¼0.67 and r 2 ¼0.43), SPA (r 2 ¼0.61 and r 2 ¼0.40), and RNO3 (r 2 ¼0.40 and r 2 ¼0.56). Furthermore, RFM was also positively correlated to SAA (r 2 ¼0.68). RAA was negatively related to S/RN03 (r 2 ¼ -0.73). These correlations suggest that when nitrogen is poorly available, its assimilation in roots is a very important determinant for plant growth.
In the N0 condition, master traits related to plant growth variation were SFM and RT since they were the most correlated with other traits (Fig. 4C) , revealing the importance of roots in growth when plants were N starved. Together, SFM and RT were positively correlated to RFM (r 2 ¼0.65 and r 2 ¼0.84) and negatively to SGR (r 2 ¼ -0.38 and r 2 ¼ -0.44). Interestingly, SFM was positively correlated to SNO3 (r 2 ¼0.36) and the ratio S/RNO3 (r 2 ¼0.38); these correlations have not been observed under either N-or N+ conditions. SFM was also positively correlated with S/RFM (r 2 ¼0.49) and SPA (r 2 ¼0.77). On the other hand, RT was correlated positively to LN (r 2 ¼0.37), SAA (r 2 ¼0.37), and RAA (r 2 ¼0.41). It was negatively correlated to SN% (r 2 ¼ -0.39), suggesting a higher production of lateral roots under N starvation.
The 23 accessions can be gathered into four distinct classes according to their behaviour
After building up a picture of Arabidopsis growth in normal, N-limiting, and N starvation conditions, it is of interest to know how these traits varied among accessions. When the plants coped with starvation, many accessions followed the general tendency of adaptation depicted earlier (Fig. 3) ; however, some others deviated from this general scheme. In order to classify the behaviour of the 23 accessions, Fig. 3 . Phenotypic response profiling of Arabidopsis in N+, N-, and N0 conditions. An individual trait represents the response at N-(blue line) and N0 (red line) as a percentage of the control value N+ (grey circle). All percentages vary between -150% and +150%, except for SStarch and S/RStarch which represent a quarter of their actual percentages (asterisks).
a hierarchical ascendant clustering (HAC) was performed using trait means of four plants per accession in each N+, N-, and N0 condition. HAC resulted in classification of the collection into four distinct classes (Fig. 5A) . Class 1 comprised Ler, Bl-1, Blh-1, Sakata, Bur-0, Mh-1, and Pyl-1; class 2 comprised Edi-0, Alc-0, and Ge-0; class 3 included Can-0, Cvi-0, Bay-0, and Gre-0; and class 4 comprised Jea, Oy-0, Akita, Col-0, Ct-1, Kn-0, Mt-0, N13, and Stw-0.
The characteristics of the classes were then looked at under normal nitrogen supply, N+. Roughly, the biggest difference between classes concerned plant size. Class 1 and class 2 comprised large plants for both shoots and roots while small plants belonged to class 3 and class 4 (Fig. 5B) . In order to address the determinants of variation among different classes, classes 1 and 2 comprising the biggest plants were first compared. From a morphological point of view, the aerial parts of plants in class 1 were slightly smaller than those of plants belonging to class 2 (Fig. 5B) . SFM averages in classes 1 and 2 were 140 mg and 180 mg, respectively. RFM was similar in the two classes (;24 mg), but PRL was 17% higher in class 1 than in class 2, and RT was 29% lower in class 1 than in class 2. Among N metabolites, the accessions comprising class 1 contained relatively less SNO3, SN%, and SAA as compared with class 2. However, these plants had a higher starch level as compared with class 2 (28%). The ratio S/RStarch was also 40% higher in class 1 than in class 2.
The differences among groups of small plants, classes 3 and 4, were then investigated. SFM and RFM were similar in the two classes (;113 mg and 100 mg for shoots, and 16.5 mg and 16 mg for roots, respectively), but a significant difference in the ratio S/RFM (7%) was observed between classes 3 and 4, indicating different management of resource allocation to shoots and roots even in the smallest plants. Among N metabolites, class 3 had less RAA (-14%) but produced an equal amount of SAA to class 4. The ratio S/RNO3 was 31% higher in class 3 compared with class 4. These results indicated that allocation of nitrate and amino acids between shoots and roots is an important factor affecting growth.
Comparison between large plants (classes 1 and 2) and small plants (classes 3 and 4) revealed, in addition to differences in shoot and root biomass, more SAA in large plants (+11%) than in small plants.
Phenotypic response profiling reveals four distinct adaptive patterns under N-and N0
All accessions showed a phenotypic plasticity in response to N deficiency and N starvation. However, the strategy to tolerate this imbalance in exogenous supply of N was different among the classes. In order to characterize this variation, detailed profiles at N-and N0 in response to the Fig. 4 . Network representation of correlations between morphological and metabolic traits in N+, N-, and N0. All trait correlations that were significant at P <0.05 were visualized using the spring embedded layout of cytoscape (http://cytoscape.org). Correlation matrices are available in Supplementary Table S2 percentage of control N+ were performed for each class. Figure 6 represents four distinct responses among representative accessions of each class: Bur-0 for class 1, Edi-0 for class 2, Can-0 for class 3, and Stw-0 for class 4.
Classes 1 and 2:
In the limiting N-condition (blue lines in Fig. 6 ), classes 1 and 2 comprising large plants presented a weak reduction of shoot biomass, SFM (as compared with control values, -4% and -5%, respectively) and SPA (-15% and -21%), and a more noticeable decrease in root biomass, RT (-26% and -41%) and RFM (-31% and -36%). As a result, S/RFM increased at N-(+38% and +42%). N-related metabolites in shoots decreased dramatically in both classes: classes 1 and 2 were decreased in SNO3 (-24% and -19%) , SAA (-29% and -37%), and RNO3 (-38% and -54%). However, the main difference between the two classes was the RAA which remained unchanged in class 1 but was reduced in class 2 (-21%).
In N0 starvation (red lines in Fig. 6 ), the plants of classes 1 and 2 showed a considerable increase in traits contributing to root development, for RT (+35% and +25%) and for RFM (+24% and +65%) as compared with N+, suggesting that plants resisted N starvation by allocating resources for root biomass production. Among N metabolites, class 1 and class 2 responded to N starvation by showing a huge increase in SStarch. In class 2, starch accumulated even 2.5-fold more than in class 1. All N-related metabolites were decreased to a very low level as compared with N+ in the two classes. However, SAA reduction was higher in class 1 (-70%) than in class 2 (-30%) during N starvation.
Classes 3 and 4:
In the limiting N-condition (blue lines in Fig. 6 ), class 3 plants suffered more than class 4 plants from a decrease in their shoot traits, such as SFM (-17% and -3% for classes 3 and 4, respectively), SPA (-17% and -18%), and SGR (-11% and -23%), as well as in their root traits, such as RFM (-50% and -38%) and RT (-50% and -40%), as compared with control plants. Since RFM decreased more than SFM, the ratio S/RFM rose in the two classes (+67% and +56%). Class 3 plants also suffered more than class 4 plants from a decrease in N metabolites, such as SNO3 (-27% and -14%), RNO3 (-57% and -43%), SAA (-27% and -10%), and RAA (-24% and -10%) as compared with control values.
In the N0 condition (red lines in Fig. 6 ), class 3 plants showed a dramatic decrease in their SFM (-45%) and RFM (-38%), whereas class 4 plants showed a decrease in all shoot traits, such as SFM (-47%), but they maintained their RFM (-6%), like control plants. In contrast to the response in the limited N-condition, SFM decreased more than RFM, resulting in a sink of the ratio S/RFM (--67% and -53%, for classes 3 and 4, respectively). During starvation, class 3 and class 4 plants suffered from a decrease in N metabolites, as in the limited N-condition; however, class 4 plants exhibited a notable increase in RAA (+104%), like class 1 plants.
The adaptive responses do not prevent perturbation in N utilization by the plants in N-deficient medium As the four classes presented different adaptive strategies in N-and N0, their nitrate utilization, the only N source provided in the culture media, was looked at in detail. Under a normal N supply (Fig. 7A-F) , the large plants of classes 1 and 2 showed the same nitrate contents in shoot (779 and 807 nmol mg À1 DM) and root (309 and 285 nmol mg À1 DM, Fig. 7A, B) . Among small plants, variations in nitrate content in both shoots and roots were observed despite the fact that they produced the same biomass. When compared with class 4, class 3 accumulated more nitrate in shoots (710 and 847 nmol mg À1 DM, respectively, Fig. 7A ) and less nitrate in roots (310 and 247 nmol mg À1 DM, respectively, Fig. 7B ). As a result, the ratio S/RNO3 was significantly higher in class 3 as compared with class 4 (3.47 and 2.38, respectively, Fig. 7C ). It was therefore assumed that class 4 had a less effective mechanism of nitrate translocation from the root to the shoot and that class 3 had a low capacity for nitrate uptake. Classes 1 and 2 have a significantly greater amino acid content in shoots (170 and 172 nmol mg À1 DM) as compared with classes 3 and 4 (147 and 152 nmol mg À1 DM, Fig. 7D ). In roots, class 3 plants stored significantly fewer free amino acids than the other three classes (;83 nmol mg À1 DM in class 3 compared with 96, 97, and 97 nmol mg À1 DM in classes 1, 2 and 4, Fig.  7E ). These results suggest that class 3, which had a high SNO3 content and produced less SAA and RAA, might have a deficiency in nitrate assimilation in shoot. The S/ RAA ratios were similar in the four classes (Fig. 7F) .
In the N-condition (Fig. 7G-L) , shoot nitrate content was less affected than root content in all classes. SNO3 in classes 2 and 3 was higher than in class 4 (Fig. 7G) , hence the problem of N uptake or translocation detected in class 4 under normal N supply might persist in an N-limiting supply. No difference of SAA among classes was observed (Fig. 7J) . However, in roots, RNO3 and RAA were much lower in class 3 than in the other classes (Fig. 7H, K) , suggesting that the deficiency in nitrate content observed in shoots under a normal N supply is present in roots receiving a low supply. As in the N+ control condition, the ratio S/RNO3 was higher in class 3 than in classes 1 and 4 (Fig. 7I ).
In the N0 condition, the single significant variation concerned SNO3, for which class 2 plants had the highest content (;160 nmol mg À1 DM) as compared with the three other classes (50 nmol mg À1 DM, see Supplementary Table  S3 at JXB online).
Discussion
To study growth response to N availability, two approaches are usually used. One is the comparison of mutants (induced variation) for a single gene with their respective wild types (usually Col-0 and Ws). The second approach is based on genome-wide diversity (natural variation). Natural variation indeed provides a framework to study the adaptation of different traits that define plant growth in relation to simultaneous genetic changes and environmental variations. Here the response of plants to N availability was studied by measuring eight morphological traits and 10 metabolic traits in 23 Arabidopsis accessions selected from a core collection that was shown to maximize the genetic diversity of a large set of accessions (McKhann et al., 2004) . 
N limitation and N starvation lead to different adaptive responses
Several studies give a global picture of plant responses to change in N environment (reviewed by Hermans et al., 2006) , but they deal with a small number of genotypes, thus giving only a partial view of the phenomena. The first objective of the present study was to provide a general response profile of Arabidopsis species, computed from a group of genetically different ecotypes, grown in highly controlled environments. Among the global features revealed by this study, it can be noted that responses to nitrogen limitation (N-) and nitrogen starvation (N0) were not similar.
Shoot biomass (SFM) reduction was mild during N-but, when plants were transferred to N0, in 1 week severe reductions in SFM were reported. This reduction in biomass Fig. 7 . N-related metabolite analyses for the four classes in control N+ and limited N-conditions. Bars show averages of all accessions in a class. Different letters indicate values significantly different at P <0.05. N+: nitrate content in shoot (A); nitrate content in roots (B); shoot to root ratio of nitrate content (C); free amino acid content in shoot (D); free amino acid content in root (E); and shoot to root ratio of free amino acid content (F). N-: nitrate content in shoot (G); nitrate content in roots (H); shoot to root ratio of nitrate content (I); free amino acid content in shoot (J); free amino acid content in root (K); and shoot to root ratio of free amino acid content (L).
was not due to limitation of leaf emergence since LN did not change a lot between the different nutrition conditions, but it was most probably due to a slow leaf elongation rate corresponding to the SPA and SGR, which were more severely affected. This reduction in traits related to shoot growth and development has also been observed in previous studies (Loudet et al., 2003b; Richard-Molard et al., 2008; North et al., 2009) . In contrast, in the present study, reduction in root biomass (RFM) was only observed in the N-condition which was accompanied by severe reduction in RT, while PRL was maintained.
Interestingly in the case of N0, a considerable increase in all traits contributing to root development was observed. One of the possible explanations is that plants allocated exogenous resources towards the biomass production of organs that are involved in acquiring the scarcest nutrients (Scheible et al., 1997; Remans et al., 2006) . The root is devoted to mineral nutrient acquisition and it is the first organ that senses and signals mineral starvation. This mechanism has been observed to varying degrees in a wide range of plant species and serves as an important step in a plant's ability to compete with its neighbours for a limited supply of nutrients (Ericsson, 1995) . As found by Zhang and Forde (2000) , it may be assumed that the contrasting response for root traits between N-and N0 may be due to the fact that the development of the plant root system is highly responsive not only to the availability of nutrients but also to their allocation between roots and shoots. Moreover, nitrate acts not only as a nutriment but also as a signal (Zhang and Forde, 2000; Vidal et al., 2010) . Recently, Krouk et al. (2010) demonstrated that the nitrate signal is mediated in part by the phytohormone auxin. It was thus assumed that the difference of response between N-and N0 was due to the difference in the monitoring of the nitrate signal.
In plants, N allocation depends on the different steps of N metabolism. In Arabidopsis it was found that most of the nitrate taken up by root transporters is reduced in roots or shoots and then assimilated to synthesize amino acids mainly in shoots (Oaks and Hirel, 1985; Masclaux-Daubresse et al., 2010) . In the present case, N-and N0 resulted in a decrease in the nitrate content in shoots (SNO3) and roots (RNO3), as well as the free amino acid content in shoots (SAA), confirming the adaptation of metabolism to N availability as previously discussed by Lemaitre et al. (2008) and Loudet et al. (2003b) . The decrease in the nitrate pool was probably due both to a decrease in nitrate absorption in N-and to a remobilization of nitrate in N-and N0, to cope with the need for N to sustain plant growth. Interestingly, the free amino acid content in roots (RAA) decreased in N-but increased in N0, consistent with the same variations of root biomass (RFM). The increase in root growth in N0 was probably reinforced by amino acid translocation from the shoot.
Many studies have shown that N deficiency results in the accumulation of starch and sugars in the leaves (Tercé-Laforgue et al., 2004; Calenge et al., 2006; Lemaitre et al., 2008) . In the present study, an increase in starch contents was similarly found, but specifically in roots in the N-and in shoots in the N0 condition. This is consistent with previous studies that report a negative correlation between nitrate contents in the leaves and the proportion of C allocated to roots (Scheible et al., 1997; de Groot et al., 2003) . The consequence of starch accumulation may be the reduction of photosynthesis in N-deficient plants because sugars exert metabolite feedback regulation and affect many genes involved in photosynthesis (Blasing et al., 2005) . Little is known about the role of starch in roots. Recently, Malinova et al. (2011) demonstrated that starch not only is accumulated in root tips but also is evenly distributed between lateral and central parts, as well as lower and upper parts, suggesting that the role of starch in roots is not limited to gravitropism in root tips. Moreover, Yazdanbakhsh et al. (2011) revealed the circadian rhythm of root elongation and the requirement for starch metabolism for root growth during the night. These results show a role for root starch in root development and thus suggest its importance in the response to nitrate availability. Interestingly, in the present study, the root starch was positively correlated with primary root length in normal N+ supply (see Fig. 4 ).
Among the global features revealed by this study, most of the variation of morphological traits was caused by genetic and nutrition effects together, while in the case of metabolic traits the main source of variation was nutrition alone. Among different traits correlated with growth of the plant, master traits specific to the nutrition conditions have been pointed out. At N+, the shoot to root nitrate content ratio (S/RNO3) is linked to seven other traits, among which is the shoot to root amino acid content ratio (S/RAA), highlighting the importance of N assimilation for increased growth since amino acids represent the predominant form of assimilated N ready to be used. At N-, growth was directly related to root biomass (RFM) and root amino acid content (RAA), two master traits positively correlated to shoot biomass (SFM). This result is consistent with the findings of Richard-Molard et al. (2008) who have shown that the line most resistant to N perturbation accumulated more amino acids in roots together with higher root fresh matter than the most sensitive line. In the case of N0, the master traits related to plant growth were shoot biomass (SFM) and root thickness (RT). When plants were N starved, root growth accelerated and lateral root branching increased, improving the foraging capacity of the root system. Shoot biomass (SFM) was positively correlated to nitrate content in shoot (SNO3), indicating the importance of the plant's internal nitrate content when external nitrogen was absent. It is concluded, as concluded by Richard-Molard et al. (2008) , that the capacity of plants to keep nitrate reserves acts as a determinant of growth during N starvation. Finally, this study shows the interest in natural variation by taking the master traits in the different ecotypes as predictive markers for plant resistance to N stress.
Each of the four classes has a particular physiology under normal N supply.
The second objective of the study was the determination of traits that define growth variation among different Arabidopsis accessions, depending on N availability. Even though N availability greatly influenced the variation of all measured traits, the analysis of key indicators under N+, N-, and N0, and the clustering of genotypes led to the grouping in four different classes. Genotypes which produced the highest biomass belong to classes 1 and 2, although they reached their sizes in different ways. In normal conditions (N+), class 1 accessions (Ler, Bl-1, Blh-1, Sakata, Bur-0, Mh-1, and Pyl-0) displayed the highest level of starch content in shoot and the highest shoot to root starch content ratio (Fig. 5) . Despite the fact that plants were harvested in the middle instead of at the end of the day, these results are in accordance with the study of Cross et al. (2006) who found more starch in Bur-0 and Ler, members of class 1 in the present study, than other accessions. Class 2 is composed of three accessions (Edi-0, Alc, and Ge-0) that had the highest biomass and were rich in free amino acids in both the shoot and roots. Increased growth in these ecotypes seems to be due to efficient N assimilation machinery. The smallest plants have been gathered into classes 3 and 4, but they also differed in their mechanisms of growth. Class 3 plants (Can-0, Cvi, Bay-0, and Gre-0) had the lowest nitrate content in roots, but the highest in shoots, while they had very low amino acid contents in both shoots and roots, suggesting a problem with nitrate uptake and nitrate assimilation in these plants. The small rosette size in class 4 plants (Jea, Oy-0, Akita, Col-0, Ct-1, Kn-0, Mt-0, N13, and Stw-0) seemed to be due to poor N metabolite contents. However, nitrate content in their shoots was very low compared with that in their roots, suggesting a problem with nitrate translocation from root to shoot. Recently, Chardon et al. (2010) used the same core collection to measure N uptake efficiency and did not observe any specificity for uptake in class 3 accessions. This discrepancy is probably due to different experimental conditions, plants being grown on sand in the work of Chardon et al. (2010) , while they were grown in hydroponics during the present experiments. Further studies are needed to support these hypotheses.
. and a particular response to N limitation or starvation
In most previous studies, resistance to nutrient stress has been estimated by the degree of biomass reduction as compared with control conditions (North et al., 2009; Chardon et al., 2010) . However, if this parameter is very efficient when wild-type and mutant plants are compared, the situation is more complex when traits are compared in different sized plants. For example, North et al. (2009) and Chardon et al. (2010) considered Col-0 as a resistant accession because it kept the same low biomass in N limitation as in normal N supply. Systematic analysis of trait responses to N stress in the four classes of accessions led to a different conclusion on the degree of plant sensitivity in the present study.
General response profiling of an average Arabidopsis plant (Fig. 3) under N limitation involves reduction of both shoot and root biomass (-10% and -41%, respectively) associated with an increase in the shoot to root nitrate content ratio (S/RNO3 +64%) and an accumulation of starch in roots (RStarch +52%) as compared with normal N supply. In N starvation, it was observed that plants dramatically reduced their shoot biomass (SFM -36%) while they increased most of the root-related traits (RFM +15%), associated with a huge accumulation of starch in shoot (SStarch +500%) and of amino acids in roots (RAA +32%), as compared with control plants.
Compared with this general response, the specificity of the responses of the four classes suggests that class 1 was the best adapted to N limitation since it had a weak reduction of shoot and roots biomass (SFM -4%, RFM -31%) followed by a lower increase in the shoot to roots nitrate content ratio (S/RNO3 +21%). Class 2 was well adapted to starvation since it allocated more biomass to roots (+65%). Thanks to sacrifice in terms of the shoot biomass (SFM -50%) with huge starch (SStarch +688%) and nitrate storage in starvation (Supplementary Table S3 at JXB online), class 2 plants remained the largest plants in all conditions. Class 3 plants were less adapted to both N stress conditions since in both N regimes shoot and root biomass were more reduced than in the general response (-17% and -45% for SFM, and -50% and -30% for RFM in N-and N0, respectively). Class 4 which includes Col-0 had a weaker response to N limitation or N starvation than classes 1 and 2, with the biomass response not different from the general response. However, during N starvation, the response for root biomass was low (RFM -6%) and there was a dramatic effect on metabolism, as shown by the large increase in free amino acid content in roots (RAA +104%) and the lower response of starch content in shoot (SStarch +150%). This reveals little sensitivity to N limitation and a lack of adaptation to N starvation of these class 4 plants, which may explain the apparent discrepancies with previous reports. Further metabolite analysis may help to better decipher the four adaptive responses to N stress.
No correlation was observed between the geographical origin of the accessions and their clustering in the different classes of response to N availability. It will be of interest to check the edaphic conditions from which each accession originates to see if accessions coming from poor soil environments have a better adaptive response to N-limited nutrition.
Supplementary data
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